Background: Modulation of histone deacetylase function is crucial for DNA damage-induced cell death and survival. The mechanism of histone deacetylase regulation is poorly understood. Results: Ubiquitination and de-ubiquitination influence sirtuin 1 (SIRT1) histone deacetylase function during DNA damageinduced cell responses. Conclusion: Sirtuin function requires DNA damage-induced SIRT1 ubiquitination. Significance: SIRT1 ubiquitination is a crucial mechanism regulating cell death and survival.
Protein function can be temporally and spatially regulated by post-translational modification such as lysine acetylation. Histone deacetylases, also known as lysine deacetylases, regulate the reversible acetylation of lysine residues. Sirtuin 1 (SIRT1) 2 is an NAD ϩ -dependent histone deacetylase that is the human ortholog of the yeast Sir2 protein and founding member of the Class III histone deacetylases. Like most histone deacetylases, SIRT1 plays important roles in many normal and abnormal physiological processes (1) such as caloric restriction-related longevity, metabolism, DNA damage response (DDR), aging, and tumorigenesis (2) (3) (4) (5) .
DDR is crucial for maintaining genome stability when cells are exposed to endogenous and/or exogenous factors that induce DNA damage. One function of SIRT1 is regulating DDR. SIRT1 is involved in multiple steps of DDR, including damage sensing, signal transduction, DNA repair, and apoptosis (6) . SIRT1 plays a role in both cell death and survival by deacetylating several DDR proteins, including p53, Ku70, NBS1, Tip60, hMOF, and PARP-1 (3, (7) (8) (9) (10) (11) (12) (13) (14) . For example, SIRT1-deacetylated NBS1 triggered DDR when cells were subjected to ionizing radiation (IR), which induces double-strand breaks (12) . SIRT1 can target multiple substrates (such as Tip60, p53, and PARP-1) to regulate apoptosis (7) (8) (9) (10) 14) . SIRT1 deacetylates p53 at multiple lysine residues; K382 deacetylation represses p53-dependent apoptosis in response to cellular damage (7, 8) . SIRT1 is believed to inhibit apoptosis induced by certain types of DNA damage, including IR-and etoposide-induced doublestrand breaks. However, our previous study suggests that SIRT1 promotes cell death in response to stimuli such as H 2 O 2 (15) . Although the importance of SIRT1 in DDR is indisputable, post-translational modification regulation of SIRT1 in DDR has not been fully explored.
Ubiquitin is a small, 76-amino acid protein containing 7 lysine residues, namely Lys-6, -11, -27, -29, -33, -48, and -63 (16) . Ubiquitination is the process by which a cysteine in ubiquitin is covalently linked to a lysine in a protein or another ubiquitin. Typical Lys-48-mediated polyubiquitination usually targets the substrate protein to proteasome-mediated degradation. Atypical polyubiquitination, which is mediated by Lys-6, -11, -27, -29, -33, and -63, regulates non-proteolytic functions such as enzymatic activity, protein interaction, and cellular localization. Post-translational modifications such as phosphorylation, acetylation, and ubiquitination are important for proper DDR. For example, p53 protein is maintained at a low level under normal conditions by ubiquitination-mediated degradation involving MDM2 E3 ligase. The stability of p53 increases after DNA damage by the loss of interaction with MDM2 and a subsequent reduction in ubiquitination (17, 18) . Histone H2AX ubiquitination is required for its phosphorylation and for recruiting MDC1 and repair proteins to repair * This work was supported, in whole or in part, by National Institutes of Health grants (to E. S.). This work was also supported by grants from Kaul Foundation (to E. S.) and a fellowship from the James and Esther King Biomedical Research Program (to L. P.). 1 To whom correspondence should be addressed: Dept. DNA damage (19 -21) . These data indicate that ubiquitination is an important regulatory mechanism in DDR. A large scale proteomics study identified that SIRT1 was ubiquitinated (22) ; however, very little is known about the mechanism and regulation of this modification. One study reported that SIRT1 was de-ubiquitinated by USP7 (23) . Another study reported that JNK promoted SIRT1 ubiquitination (24) . The E3 ligase responsible for SIRT1 ubiquitination, has yet to be identified, and the role of SIRT1 ubiquitination in DDR is unknown. The current study examines the regulation and functional implications of SIRT1 ubiquitination during DDR.
EXPERIMENTAL PROCEDURES
Plasmids, Antibodies, and Reagents-WT and H363Y Myc-SIRT1, FLAG-SIRT1, glutathione S-transferase (GST)-SIRT1, and FLAG-p53 plasmids were described previously (25, 26) . The lysine-to-arginine mutation was generated using the QuikChange Multisite-directed mutagenesis kit (Stratagene). MDM2, FLAG-MDM2, GST-MDM2, and His-ubiquitin (HisUb) plasmids were described previously (27) . Anti-FLAG, antihemagglutinin (HA), and anti-tubulin antibodies, recombinant His-ubiquitin, MG132, and chloroquine were purchased from Sigma. Rabbit anti-acetylated-K382-p53 antibody was purchased from Cell Signaling Technology. Anti-c-Myc, antilamin A, anti-SIRT1, and anti-PARP-1 antibodies were purchased from Santa Cruz Biotechnology. Anti-ubiquitin antibody was purchased from Abcam. Active UBE1 and UbcH5C were purchased from Millipore.
Cell Culture-HEK293T, U2OS, and H1299 cells were grown in Dulbecco's modified Eagle's medium. PC3, A549, and DU145 were grown in RPMI 1640 medium. All media were supplemented with 10% fetal calf serum, 100 mg/ml streptomycin, and 100 IU/ml penicillin. Control and SIRT1-knockdown (S1-KD) HeLa cell clones were generated and maintained as described previously (26) .
Transfection, Transduction, and Cellular FractionationTransfections were performed using either Lipofectamine 2000 (Invitrogen) or PolyJet TM (SignaGen Laboratories) according to the manufacturer's instructions. S1-KD cells were generated using RNAi, in which a SIRT1-coding DNA sequence was targeted by a pSuper shRNA construct containing interfering oligonucleotides (5Ј-GTTGGATGATATGACACTG-3Ј). To restore SIRT1 expression in HeLa S1-KD cells, the silent mutant coding DNA sequence of SIRT1, in which the GTTG-GATGATATGACACTG template sequence was modified to GTTAGACGACATGACCCTC by multisite-directed mutagenesis (Stratagene), was inserted into the pLenti-CMV-neo-DEST vector (Addgene plasmid 17392) using the Gateway recombination strategy (Invitrogen). 293FT cells were transfected with pLenti-CMV-neo-DEST-SIRT1 together with pLP1, pLP2, and pLP3 plasmids to package SIRT1 lentivirus as described previously (28) . HeLa S1-KD cells were then transduced by lentivirus harvested from 293FT culture medium in the presence of 8 g/ml Polybrene. Twenty-four hours postinfection, culture medium was supplemented with 600 g/ml G418 and 0.5 g/ml puromycin. Single cell-derived clones were isolated and transferred to new dishes. SIRT1 expression in these stable clones was verified by Western blot analysis. Cellular fractionation was conducted using the NE-PER nuclear and cytoplasmic extraction kit according to the manufacturer's instructions (Pierce).
Immunoprecipitation, Western Blotting, and Immunofluorescence-These assays were performed as described previously (26) . Some Western blot results were quantified by densitometric analysis using Image J software (National Institutes of Health).
Ubiquitination Assays-Ubiquitination assays were performed in vivo using either the HA-tagged (29) or the histidinetagged (27) ubiquitination method. In the HA-Ub method, cells were co-transfected with SIRT1 and HA-Ub. At 36 h posttransfection, cells were resuspended in 100 l of lysis buffer (2% SDS, 10 mM Tris-HCl (pH 8.0), and 150 mM NaCl) and immediately boiled for 10 min. Cells were sonicated for three pulses of 10 s each, and cell lysates were diluted with 900 l dilution buffer (10 mM Tris (pH 8.0), 150 mM NaCl, 2 mM EDTA, and 1% Triton). SIRT1 was immunoprecipitated and analyzed for ubiquitination by Western blotting using anti-HA antibody. In the His-Ub method, cells were co-transfected with FLAG-SIRT1 and His-Ub. At 36 h post-transfection, cells were dissolved in lysis buffer (6 M guanidinium-HCl, 0.1 M Na 2 HPO 4 /NaH 2 PO 4 , 0.01 M Tris-HCl (pH 8.0), 5 mM imidazole, and 10 mM ␤-mercaptoethanol). His-tagged proteins were captured using Ni 2ϩ -nitrilotriacetic acid (NTA) beads and eluted with imidazole. The presence of SIRT1 in the eluted fraction was analyzed by Western blot.
The in vitro ubiquitination assay was performed as described previously (27) . GST, GST-MDM2, and GST-SIRT1 were expressed in Escherichia coli and purified using glutathioneagarose beads. Two g of GST-SIRT1 was incubated with 40 ng of UBE1 (E1), 200 ng UBcH5C (E2), and 2 g His-Ub together with 500 ng of GST-MDM2 or GST in reaction buffer (40 mM Tris-HCl (pH 7.6), 5 mM MgCl 2 , 2 mM dithiothreitol, and 2 mM ATP) at 30°C for 2 h with agitation. The reaction mixture was then subjected to SDS-PAGE and Western blot analysis. Polyubiquitination of GST-SIRT1 was detected using anti-SIRT1 antibody. The membrane was stripped using stripping buffer (Pierce) and re-probed for autoubiquitination of GST-MDM2 using anti-MDM2 antibody.
Deacetylation Assays-For in vivo deacetylation assays, HeLa cells were co-transfected with FLAG-p53 and either WT or mutant SIRT1. At 32 h post-transfection, cells were treated with 400 ng/ml trichostatin A for 4 h. Cells were lysed in NETN buffer (100 mM NaCl, 0.5 mM EDTA, 20 mM Tris (pH 8.0), and 0.5% (v/v) Nonidet P-40) supplemented with 20 mM sodium butyrate. Whole-cell lysates were subjected to SDS-PAGE and Western blotting. p53 acetylation was detected using anti-Ac-K382 p53 antibody (Cell Signaling Technology). In vitro deacetylation assays were performed using a fluorometric assay kit (Fluor-de-LysSIRT1 fluorometric drug discovery assay kit, Enzo Life Sciences) according to the manufacturer's instructions. Fluorescence was measured using the EnVision Multilabel Plate Reader (PerkinElmer, excitation 360 nm and emission 460 nm).
Apoptosis and Necrosis Assays-HeLa cells were treated with 5 M etoposide (Sigma) for 24 h, 100 M H 2 O 2 for 2 h or left untreated. Twenty-four hours later, cells were detached using EDTA buffer without trypsin and washed with phosphate-buffered saline (PBS). To detect apoptosis and necrosis, cells were stained with 1 g/ml FITC-labeled annexin V (BD Biosciences) for 15 min in the dark, washed with PBS, and then incubated with 5 g/ml propidium iodide (Sigma). Apoptosis and necrosis were analyzed using a FACSCalibur flow cytometer (BD Biosciences).
RESULTS

SIRT1 Is Ubiquitinated by MDM2 in Vivo and in Vitro-
To examine SIRT1 ubiquitination in vivo, 293T cells were co-transfected with Myc-SIRT1 and either HA-tagged Ub or a vector control. Ubiquitination of immunoprecipitated SIRT1 was detected by Western blotting using anti-HA antibody. Our data suggested that SIRT1 was ubiquitinated, as indicated by a protein ladder above the predicted SIRT1 band of 120 kDa (Fig. 1A) . To exclude the possibility of contamination from a SIRT1-interacting protein, a stringent guanidinium HCl-urea denaturation method was performed as described previously (27) . In these experiments FLAG-SIRT1 was co-expressed with His-tagged Ub, and then ubiquitinated (His-tagged) proteins were denatured by guanidinium HCl and pulled down using nickel resin. The presence of ubiquitinated SIRT1 was detected using an anti-FLAG antibody (Fig. 1B) . Because SIRT1 is localized in both the cytoplasm and nucleus (30 -33) , we examined the localization of ubiquitinated SIRT1 in cellular fractions. We found that ubiquitinated SIRT1 was localized in both compartments (Fig. 1C) .
The MDM2 E3 ubiquitin ligase is responsible for p53 ubiquitination and degradation and plays an important role in regulating cell proliferation, apoptosis, and DDR (34, 35) . To determine whether MDM2 modifies SIRT1, we first examined FIGURE 1. SIRT1 is ubiquitinated. A, 293T cells were transfected with Myc-SIRT1 and either HA-Ub or HA-tag control vector. After 36 h, cells were treated with 50 M MG132 for 4 h. SIRT1 was immunoprecipitated (IP) using anti-Myc antibody and IgG isotype control and then analyzed for ubiquitination by Western blot using anti-HA antibody. B, cells were transfected with FLAG-SIRT1 and either His-Ub or control vector. Ubiquitinated protein was pulled down by NTA ϩ beads and resolved by SDS-PAGE. SIRT1 in the pulldown fraction was detected by anti-SIRT1 antibody. C, 293T cells were transfected with FLAG-SIRT1 and HA-Ub, and then cytoplasmic (C) and nuclear (N) extracts were prepared. Expression levels of SIRT1 in cellular fractions were examined by Western blot (right). FLAG-SIRT1 was immunoprecipitated using anti-FLAG antibody. Equal amounts of SIRT1 from both fractions were loaded for ubiquitination analysis (left). D, interaction between MDM2 and SIRT1. 293T cells were co-transfected with Myc-SIRT1 and MDM2. SIRT1 was immunoprecipitated using anti-Myc antibody. Co-immunoprecipitation of MDM2 was detected using anti-MDM2 antibody (left). A549 cells were treated with 7 M Nutlin overnight or left untreated. Endogenous SIRT1 was pulled down by anti-SIRT1 antibody, and MDM2 co-immunoprecipitation was detected using anti-MDM2 antibody (right). E, SIRT1 is ubiquitinated by MDM2 in vivo. FLAG-SIRT1 was co-expressed with HA-Ub and either MDM2 or vector control. SIRT1 was immunoprecipitated by anti-FLAG antibody and analyzed for ubiquitination using anti-HA antibody. F, FLAG-SIRT1 was co-expressed with His-Ub and MDM2 or control vector. SIRT1 ubiquitination was analyzed as described in B. IB, immunoblot. G, SIRT1 was ubiquitinated by MDM2 in vitro. GST-SIRT1 was incubated with active E1, E2, and ubiquitin in the presence of GST-MDM2 or GST alone. Reaction products were analyzed by Western blot using anti-SIRT1 antibody. The membrane was stripped and re-probed with anti-MDM2 antibody. The arrow indicates residual SIRT1 signal after stripping. The asterisk (*) indicates the band corresponding to non-ubiquitinated GST-MDM2. H, A549 cells were transfected with His-Ub. At 36 h after transfection, cells were treated with 7 M Nutlin overnight and 50 M MG132 for 4 h before harvesting. His-Ub-conjugated proteins were pulled down, and ubiquitination of endogenous SIRT1 was examined as described in F.
SIRT1 Ubiquitination during DNA Damage Response
SIRT1 and MDM2 interaction using a co-immunoprecipitation assay. As shown in Fig. 1D , exogenous Myc-SIRT1 co-immunoprecipitated with ectopically expressed MDM2 (left panel). Nutlin, which stabilizes endogenous MDM2, strengthens the endogenous interaction between MDM2 and SIRT1 (right panel). Overexpression of MDM2 dramatically enhanced SIRT1 ubiquitination in vivo (Fig. 1E) . Using the guanidinium HCl-urea denaturation method, we still found that SIRT1 was ubiquitinated by MDM2 as detected after high stringency washes of the nickel matrix (Fig. 1F) . To examine SIRT1 ubiquitination by MDM2 in vitro, GST-SIRT1 was incubated with either GST-MDM2 or GST in the presence of purified ubiquitin-activating enzyme E1, conjugating enzyme E2, ubiquitin, and ATP. GST-SIRT1 ubiquitination occurred in the presence of GST-MDM2 but not in the presence of GST alone (Fig. 1G) . Autoubiquitination of GST-MDM2 was used as a control. To further confirm that MDM2 drives SIRT1 ubiquitination, A549 cells were treated with Nutlin, and ubiquitination of endogenous SIRT1 was examined. Nutlin treatment significantly increased MDM2 protein levels and SIRT1 ubiquitination (Fig.  1H) . Together, our results unequivocally demonstrate that MDM2 ubiquitinates SIRT1 both in vivo and in vitro. SIRT1 Ubiquitination Is Regulated by DNA Damage-To determine whether SIRT1 ubiquitination is regulated by DNA damage signals, FLAG-SIRT1 was co-expressed in 293T cells with HA-Ub. SIRT1 ubiquitination was analyzed at different time points after treatment with the topoisomerase II inhibitor etoposide, which induces double-strand breaks. SIRT1 ubiquitination significantly increased 2 h after etoposide treatment ( Fig. 2A) . We examined SIRT1 ubiquitination after exposure to IR. Our data demonstrate that SIRT1 ubiquitination increased dramatically 1 h after IR treatment and then returned to basal levels after 4 h (Fig. 2B) . Endogenous SIRT1 ubiquitination was similarly regulated by IR (Fig. 2C ). SIRT1 ubiquitination also was affected by H 2 O 2 -induced oxidative damage (Fig. 2D) . Therefore, SIRT1 ubiquitination is dynamically regulated in response to different types of DNA damaging agents.
We used mass spectrometry (MS) to identify the SIRT1 lysines that were modified by ubiquitination. Together with an earlier report on the global quantification of ubiquitination in cells (22) , we and others identified at least six ubiquitinated SIRT1 lysine residues (Lys-238, -311, -499, -506, -578, and -630) (data not shown). To biochemically verify the MS results, a series of lysine-to-arginine SIRT1 mutants was generated and FIGURE 2. SIRT1 ubiquitination is regulated by DNA damage. A-D, DNA damage regulates SIRT1 ubiquitination. FLAG-SIRT1 was co-transfected with HA-Ub. At 36 h post-transfection, cells were treated with 50 M etoposide, 10 gray IR, or left untreated. FLAG-SIRT1 was immunoprecipitated using anti-FLAG antibody and analyzed for ubiquitination using anti-HA antibody. C, ubiquitination of endogenous SIRT1. Endogenous SIRT1 was immunoprecipitated from HeLa cells using anti-SIRT1 antibody, and ubiquitination was assessed using anti-ubiquitin antibody. D, HeLa cells were transfected with FLAG-SIRT1 and HA-Ub. At 36 h after transfection, cells were treated with 400 M H 2 O 2 or left untreated. Cytoplasmic (C) and nuclear (N) fractions were extracted and examined for SIRT1 expression (right). Cytoplasmic and nuclear fractions were normalized to contain the same amount of SIRT1, used for immunoprecipitation, and then examined for ubiquitination (left). E and F, WT and lysine-to-arginine mutant of SIRT1 were transfected with or without HA-Ub and along with MDM2 or not. SIRT1 ubiquitination was analyzed as described in Fig. 1A . V, vector control. ubiquitination examined as described previously. Mutation of Lsy-311, but not any other candidate lysine, significantly reduced SIRT1 ubiquitination (Fig. 2E) . Moreover, MDM2 was unable to ubiquitinate SIRT1 if Lsy-311 was mutated (Fig. 2F) . Therefore, although SIRT1 contains multiple ubiquitination sites, we conclude that Lsy-311 is the major SIRT1 lysine that undergoes ubiquitination.
SIRT1 Ubiquitination Affects DDR-induced Cell Death and Survival-SIRT1 plays important regulatory roles in cell death
and survival in response to DNA damage (7, 8) . To address the functional implication of SIRT1 ubiquitination during DDR, we produced stable SIRT1 knockdown (KD) HeLa cells and analyzed cell survival rescue after etoposide treatment in the presence of WT or K311R SIRT1. SIRT1 expression was monitored by Western blot analysis. Cell survival was analyzed as described previously (36) . SIRT1 KD cells exhibited greater cell death and reduced survival after etoposide treatment than cells treated with the vehicle control (C). Expression of WT SIRT1 (KD-WT), but not K311R SIRT1, reduced apoptosis and increased cell survival after etoposide treatment compared with that of the vector control (KD-V) (Fig. 3, A and B) . The role of SIRT1 in cell death and survival depends on the type of DNA damage sustained. For example, SIRT1 is required for H 2 O 2 -induced cell death (15, 37, 38 (Fig. 3, C and D) . Our results indicate that SIRT1 de-ubiquitination impairs SIRT1 function during DDR-induced cell death and survival.
Ubiquitination Affects SIRT1 Protein Stability Under DNA Stress-Ubiquitination can facilitate protein degradation mediated by proteasomal, lysosomal, and endoplasmic reticulum mechanisms (39 -41) . To investigate the molecular mechanisms by which K311R (a de-ubiquitination-mimicking mutation) affects the role of SIRT1 during DDR, we first determined the effect of ubiquitination on SIRT1 protein stability. SIRT1 is a very stable protein because its protein level did not significantly change when cells were treated with 50 g/ml cycloheximide (CHX) for up to 12 h to halt protein synthesis (Fig. 4, A  and B) . No significant increase in SIRT1 was observed when cells were subjected to the proteasomal inhibitor MG132 and the lysosomal inhibitor chloroquine (CQ) either alone or together (Fig. 4A) . The K311R mutant was just as stable as WT SIRT1 (Fig. 4B) . Consistent with the observed SIRT1 stability, MG132 treatment did not significantly increase SIRT1 ubiquitination (Fig. 4C) . In contrast, endogenous SIRT1 protein levels decreased dramatically after cells were treated for 16 h with etoposide and H 2 O 2 (Fig. 4D) , consistent with the increase in SIRT1 ubiquitination after treatment with etoposide ( Fig. 2A) and H 2 O 2 (Fig. 2D) . The deacetylation mimic mutant K311R was more stable than WT SIRT1 after treatment with etoposide (Fig. 4E ). There- Two weeks later, cell colonies were counted and normalized to the untreated control. All data are presented as the means Ϯ S.E. of at least three independent experiments. A two-tailed unpaired Student's t test was applied to calculate the p value using the GraphPad Prism software. *, p Ͻ 0.05 was considered as statistically significant.
fore, ubiquitination has a limited effect on SIRT1 stability under normal physiological conditions but promotes SIRT1 degradation after exposure to DNA damaging agents.
Lys-311 is located within the enzymatic domain of SIRT1. Therefore, we determined whether SIRT1 de-ubiquitination affects its deacetylase activity. WT, K311R, and H353Y SIRT1 were expressed with FLAG-p53 in HeLa cells. Acetylation of p53 was detected using anti-Ac-K382 p53 antibodies. As shown in Fig. 4F , there was no significant difference in SIRT1 deacetylase activity toward p53 between WT and K311R. In a complementary experiment, GST-SIRT1 was incubated with MDM2 and subjected to an in vitro fluorometric assay to examine SIRT1 deacetylase activity. No significant difference in p53 deacetylation was observed between non-ubiquitinated GST-SIRT1 and ubiquitinated GST-SIRT1 (Fig. 4G) .
Ubiquitination Affects SIRT1 Nuclear Localization during DDR-SIRT1 is reported to localize in both the cytoplasm and the nucleus (30 -32) . Therefore, we determined whether SIRT1 localization is regulated by DNA damage. The prostate cancer cell line DU145, in which SIRT1 resides primarily in the cytoplasm, was treated with a time course of IR. SIRT1 cellular localization was analyzed using immunofluorescence and cell fractionation. We found a small but reproducible increase in nuclear SIRT1 after exposure to IR for 1-1.5 h (Fig. 5, A and B) . Next, we assessed whether de-ubiquitination affected SIRT1 cellular localization. Our results showed that WT SIRT1 was localized in the nucleus and cytoplasm, whereas K311R SIRT1 remained mostly cytoplasmic. The nuclear fraction of WT SIRT1 increased at 1.5 h post-IR and returned to approximately basal levels at 3 h post-IR. By contrast, K311R SIRT1 remained in the cytoplasm in response to IR (Fig. 5C ). Immunofluorescence staining showed three types of SIRT1 localization patterns: cytoplasmic only, nuclear only, and both cytoplasmic and nuclear. We calculated the percentage of immunostained cells containing only nuclear SIRT1 in WT-and K311R-rescued cells. The results show that SIRT1 is localized in the cytoplasm in most K311R-rescued cells, with few cells showing only nuclear SIRT1 localization (Fig. 5D) . We also observed an increase in nuclear SIRT1 localization in H 2 O 2 -treated cells (Fig. 2D, right) , which is consistent with the increase in nuclear SIRT1 ubiquitination after H 2 O 2 treatment (Fig. 2D, left) .
We showed that K311R SIRT1 did not inhibit etoposideinduced apoptosis compared with that of WT SIRT1 (Fig. 3A) . We explored the underlying molecular mechanism of this observation by examining PARP-1 expression level and protein cleavage because SIRT1 regulates PARP-1 transcription and Protein levels of WT and K311R SIRT1 were examined by Western blot using anti-SIRT1 antibody. F, SIRT1 deacetylase activity in vivo. HeLa cells were co-transfected with FLAG-p53 and a vector control (V) or an increasing amount of WT, K311R, and H353Y SIRT1. Acetylation of p53 at K382 was examined by Western blot using anti-Ac-K382 p53 antibody. Then, the membrane was stripped and reprobed with anti-FLAG antibodies. G, SIRT1 deacetylase activity in vitro. GST-SIRT1 was first ubiquitinated by GST-MDM2 in vitro as described in Fig. 1G . An aliquot of the reaction mixture (containing 0.5 g SIRT1) was incubated with 100 M acetylated p53 peptides and 3 mM NAD ϩ for 1 h at 32°C. Fluorescence was measured using a fluorometric plate reader, and is presented as relative fluorescence units (RFU).
activity (14) . We found that SIRT1 knockdown significantly increased PARP-1 protein levels under normal conditions and after etoposide treatment (data not shown). Rescue of SIRT1-deficient cells with WT SIRT1, but not K311R SIRT1, reduced PARP-1 protein levels. Rescue with WT SIRT1 partially inhibited PARP-1 cleavage, which is an apoptosis marker. However, K311R SIRT1 rescue did not inhibit PARP-1 cleavage (Fig. 5E ). These data suggest that K311R SIRT1 deficiency in regulating etoposide-induced apoptosis might be due to its ineffectiveness in regulating PARP-1 cleavage and expression (Fig. 3A) .
DISCUSSION
SIRT1 is a multifunctional protein that has important roles in regulating restricted caloric intake-related longevity, insulin sensitivity, metabolism, mitochondrial respiration, DNA damage responses, apoptosis, autophagy, and other physiological activities (2-5). SIRT1 has well characterized functions in regulating the metabolism and multilayer regulation of DDR from damage sensing to cell-fate decision (6) . In this study we explored the functional implication of SIRT1 ubiquitination under different DDR scenarios. We discovered that SIRT1 ubiquitination could be induced by different DNA damage stimuli, which results in different cellular responses. For example, SIRT1 knockdown sensitized cells to etoposide-induced apoptosis and reduced cell survival, indicating that SIRT1 protects cells from etoposide-induced DNA damage. In contrast, SIRT1 deficiency inhibited H 2 O 2 -induced cell death and facilitated cell survival, suggesting that SIRT1 plays a negative role in H 2 O 2 -induced damage response. These differences observed in SIRT1 function may result from differences in SIRT1 substrate activation.
Ubiquitination has both proteolytic and non-proteolytic functions and regulates subcellular localization, enzymatic activity, and protein-protein interactions (39 -43). Our results FIGURE 5. SIRT1 ubiquitination affects subcellular localization. A, DU145 cells were treated with 10 gray IR for the indicated times, and then nuclear (N) and cytoplasmic (C) extracts were prepared for Western blot analysis using antibodies specific for SIRT1, lamin A (nuclear marker), and tubulin (cytoplasmic marker). SIRT1 protein levels were determined by densitometry and are indicated for each fraction. The percentage of SIRT1 in the nucleus relative to total SIRT1 was calculated using the values determined by densitometry. B, DU145 cells were treated as above, and subcellular localization of endogenous SIRT1 was examined by immunofluorescence. C, HeLa cells expressing WT or K311R SIRT1 were treated as in A. The percentage of SIRT1 present in the nucleus was quantified relative to total SIRT1. D, immunofluorescence analysis of SIRT1 localization in WT and K311R-rescued HeLa cells. Nuclei were counterstained with DAPI. 10ϫ and 60ϫ images are shown. The percentage of cells containing only nuclear-localized SIRT1 was calculated and compared between WT and K311R cells. *, p Ͻ 0.002. E, SIRT1-KD cells were rescued with WT, K311R, or vector (V) control and treated with 20 M etoposide for 24 h or left untreated. Because WT SIRT1 rescue substantially reduced PARP-1, 3-fold more WT cell lysate was loaded onto the fifth lane to clearly show PARP-1 cleavage. Total and cleaved PARP-1, SIRT1, and tubulin were examined by Western blot (left). PARP-1 protein levels in WT and K311R SIRT1 cells were normalized with respect to the vector control (middle). The percentage of PARP-1 cleavage was quantified relative to total PARP-1 (right).
indicate that ubiquitination does not affect SIRT1 degradation under normal conditions. This is consistent with the observation that SIRT1 might be ineffectively ubiquitinated under normal conditions. Treatment with etoposide and H 2 O 2 significantly increases SIRT1 ubiquitination and reduces the level of SIRT1 protein. Therefore, we conclude that SIRT1 ubiquitination regulates protein degradation in response to DDR signaling. In this study we showed that MDM2 drove SIRT1 ubiquitination in vivo and in vitro. In fact, we also examined two other E3 ligases, hMIB1 and Cul4, which were candidates for SIRT1 interaction partners as revealed by mass spectrometry in our screen for SIRT1-interacting proteins, for their abilities to ubiquitinate SIRT1. However, neither could promote SIRT1 ubiquitination (data not shown). MDM2 is barely detectable in 293T and H1299 cells; however, overexpression of HA-Ub alone still promoted SIRT1 ubiquitination, although to a much lower extent than when co-transfected with MDM2 (Fig. 1, A  and F) . Therefore, it is possible that another as yet identified E3 ligase(s) exists to ubiquitinate SIRT1.
SIRT1 localization in the cytoplasm or nucleus depends on the cellular context (30 -33) . For example, SIRT1 is localized primarily in the nucleus of normal cells but resides in the cytoplasm of cancerous cells (31) . SIRT1 can shuttle between the cytoplasm and nucleus in response to cell stimulation with growth factor (30, 32) . Nuclear SIRT1 can interact with and deacetylate nuclear DDR protein substrates such as NBS1, PARP-1, Tip60, and hMOF. Cytoplasmic SIRT1 could access pro-apoptotic substrates such as Bax and caspases. Our data indicate that the K311R SIRT1 mutant shows a higher level of cytoplasmic localization than WT SIRT1 and that K311R-rescued cells exhibit greater apoptosis in response to etoposideinduced DNA damage compared with WT cells. These results are consistent with an earlier report that cytoplasmic localization of SIRT1 promotes apoptosis (30) . Thus, we conclude that SIRT1 subcellular localization affects its functions during DDR.
In conclusion, our study reveals that SIRT1 ubiquitination is dynamically regulated by different types of DNA damage and that the ubiquitination response depends on the type of DNA damage. Although the present study focused on Lys-311 ubiquitination, there are several additional SIRT1 lysines that are modified by ubiquitination. Our future studies will determine whether these other SIRT1 lysines serve similar functions.
